INTRODUCTION
============

Recent technological innovations, such as novel alterations by next-generation sequencing, can remarkably advance cancer research. These researches have steadily revealed the molecular mechanism of cancer hallmarks^[@R1]^; however, many challenges still exist, such as tumor heterogeneity or cancer stem cells property.^[@R2]--[@R5]^ Nowadays, there has been an expansion in cancer research from cancer cell-centric approach to adjacent surrounding trademarks known as tumor microenvironment.^[@R6]^ Based on recent basic research, this property mainly consists of the interactions among cancer cells, stroma, and stromal cells, including cancer-associated fibroblasts and immune cells, and significantly contributes to cancer initiation and progression.^[@R7]^

For instance, one of the characteristics of tumor microenvironment is the presence of tumor-infiltrating lymphocytes, and this feature has become a recent topic of debate because of its potential clinical significance of predicting the efficacy of systemic therapy and its prognostic value in several cancer.^[@R8],[@R9]^ Along with the emerging significance of the tumor environment in addition to cancer cells alone, novel treatment strategies, including anti-angiogenesis therapy^[@R10]^ and immune checkpoint inhibitors,^[@R11]^ have been applied in the clinical setting.

Another attractive feature of tumor microenvironment is tumor-associated tissue stiffness. Basic research has already indicated that tumor stiffness can influence tumor progression by involving the extracellular matrix (ECM) and β1-integrin/phosphoinositide 3 kinase (PI3K) pathway.^[@R12],[@R13]^ Tissue stiffness is clinically known as an oncogenic risk factor correlated with dense breast and liver cirrhosis; in addition, tumor stiffness is one of the characteristics that clinicians look for during palpation of several cancers. However, thus far, there have been few useful quantitative modalities, particularly in clinical practice and reverse translational research.^[@R14]^

More recently, ultrasound elastography has been applied for several clinical situations, such as measuring the level of fibrosis in liver cirrhosis and differentiating certain malignant tumors, including breast cancer. Elastography can objectively and noninvasively evaluate the stiffness of a target region during conventional sonographic examinations.^[@R15],[@R16]^ There is an urgent need to identify useful factors and biomarkers to promote optimal individualized treatment.

Therefore, the aim of this study was to explore the significance of clinical tumor stiffness by elastographic evaluation in patients with invasive breast cancer by investigating the correlations between clinical stiffness and clinicopathological factors. In addition, analysis of stiffness-related gene expression was also performed with the aim of correlating basic and clinical researches.^[@R12],[@R13],[@R17]^

METHODS
=======

Patients
--------

This was a retrospective study on 503 consecutive women with invasive breast cancer who underwent evaluation of clinical tumor stiffness and treatments at Kumamoto University Hospital, Japan between February 2007 and January 2014. Informed consent was obtained from all patients, and this study followed the guidelines of the ethics committee of Kumamoto University Graduate School of Medical Sciences, which also granted the approval for the gene expression analysis (GEA) in the study.

Measurement and Evaluation of Clinical Tumor Stiffness
------------------------------------------------------

In this study, we measured the macro stiffness of breast cancer tissue with ultrasound strain elastography (EUB-8500; Hitachi-Aloka Medical, Tokyo, Japan) concurrent with conventional ultrasound examination before any treatment for breast cancer. Detailed evaluation methods are described in our previous study and in the guidelines on ultrasound elastography.^[@R15],[@R18]^ To evaluate tumor stiffness, we used Strain Ratio, a semi-quantitative method to assess how many times stiffer a target tumor was compared with a control lesion in this study; in detail, we used Fat Lesion Ratio (FLR) that using subcutaneous fat as control. FLR has been used commonly for differentiation of breast disease because subcutaneous fat had the most stable stiffness in breast lesions.^[@R19],[@R20]^ If patient has multiple tumor lesions, we give priority to the stiffer evaluation over softer evaluation.

Assessment of Clinicopathological Features in Breast Cancer
-----------------------------------------------------------

Assessment of breast cancer biomarkers, including estrogen receptor (ER), progesterone receptor (PgR), human epidermal growth factor receptor type 2 (HER2), and Ki67 labeling index, was prospectively performed for each patient to guide treatment strategy.^[@R21]^ Immunohistochemical staining was done as previously described.^[@R22]^ Briefly, ER and PgR status were considered positive when there was ≥1% of nuclear staining. HER2 positivity was indicated by 3+ immunohistochemical staining or fluorescence in situ hybridization with a threshold ratio of \>2.2.^[@R23]^ Ki67 labeling index was determined by counting at least 500 tumor cells in hot spots. Masson\'s trichrome staining was performed according to the manufacture\'s recommended protocol (Sigma--Aldrich, St Lois, MO).

Tumor size was generally assessed based on the pathologically invasive area in the surgical specimen; in patients who received any neoadjuvant therapy, tumor size was assessed by pretreatment magnetic resonance imaging or sonography. Evaluation of axillary lymph node metastasis was pathologically performed and classified according to pTNM staging system (UICC, Seventh Edition, 2009). The pathologists in Kumamoto University Hospital assessed Nuclear Grade based on Atypia score and Mitotic index.

GEA of Breast Cancer Tissue
---------------------------

Of 503 cases, 164 breast cancer tissues were available in this study period underwent pretreatment evaluation of clinical tumor stiffness and fresh frozen tissue sampling for GEA. RNA extraction and quantitative real-time reverse-transcription polymerase chain reaction (qRT-PCR) were performed as previously described.^[@R24]^ The main primers used for qRT-PCR analysis were as follows: *lysyl oxidase* (*LOX*) forward 5′-TATACATAAGGCAGCCGTGAA-3′, *LOX* reverse 5′-GAGACAGTTGTGGTTTGGG-3′; *hypoxia-inducible factor 1-alpha* (*HIF1A*) forward 5′-CGTTCCTTCGATCAGTTGTC-3′, *HIF1A* reverse 5′-TCAGTGGTGGCAGTGGTAGT-3′; *secreted phosphoprotein 1* (*SPP1*) forward 5′-AGATGCAGCACCGAGGCT-3′, *SPP1* reverse 5′-CTTTCTTTTTGGCGACCG-3′; and *cylindromatosis* (*CYLD*) forward 5′-TCAGGCTTATGGAGCCAAGAA-3′, *CYLD* reverse 5′-ACTTCCCTTCGGTACTTTAAGGA-3′. *Glyceraldehyde 3-phosphate dehydrogenase* (*GAPDH*) was used as an internal control.

Statistical Analysis
--------------------

The significance of differences among categorical and continuous variables was evaluated using univariate logistic regression model, Chi-squared and nonparametric Wilcoxon/Kruskal--Wallis tests, respectively. Cauchy False Discovery Rate (FDR)-adjusted *P* value was also calculated in GEA. Univariate and multivariate analyses of factors influencing tumor stiffness, lymph node involvement and tumor size were performed with a logistic regression model. Stepwise regression method (*P* \< 0.25, forward and backward) was used to build the final multivariate model. *P* value \< 0.05 was considered to be statistically significant. JMP software version 12.0.1 for MAC (SAS Institute Japan, Tokyo, Japan) was used for these statistical analyses.

RESULTS
=======

Correlations Between Clinical Tumor Stiffness and Clinicopathological Factors in Patients With Breast Cancer
------------------------------------------------------------------------------------------------------------

The baseline characteristics of 503 patients with invasive breast cancer are shown in Table [1](#T1){ref-type="table"}. To clarify the significance of clinical tumor stiffness in breast cancer, we categorized tumors into 2 groups according to the elastographic evaluation with a cutoff value of 8.23 as median Strain Ratio (interquartile range \[IQR\] 3.92--23.36\]; Table [1](#T1){ref-type="table"}). Compared with relatively soft tumors, relatively hard tumors (Supplemental Figure 1) had significant correlations with the frequency of axillary lymph node metastasis (hard tumors: 40.5% vs soft tumors: 24.3%, *P* \< 0.0001 in univariate logistic regression model), large tumor size (hard tumors: 57.1% vs soft tumors: 46.2% of larger tumor occupancy, *P* = 0.0141 in univariate logistic regression model), and high body mass index (BMI) index of patients (hard tumors: 9.1% vs soft tumors: 4.4% of BMI ≥ 30, *P* = 0.0323 in univariate logistic regression model). There were no clear correlations between tumor stiffness and conventional biomarkers such as ER (*P* = 0.4091), PgR (*P* = 0.3170), HER2 status (*P* = 0.8856), and Ki67 labeling index (*P* = 0.8200 in univariate logistic regression model).

###### 

Baseline Characteristics of Patients With Breast Cancer According to Tumor Stiffness

![](medi-94-e2290-g001)

When we analyzed Strain Ratio as a continuous variable, there were similar results on correlations between tumor stiffness and lymph node metastasis (median Strain Ratio, 13.46 in metastasis-positive vs 7.00 in metastasis-negative cases, *P* = 0.0001), invasive tumor size (median Strain Ratio, 11.98 in large tumors vs 7.19 in small tumors, *P* = 0.0020), and high BMI index (median Strain Ratio, 22.41 in higher BMI vs 7.97 in other cases, *P* = 0.0096; Table [2](#T2){ref-type="table"}). Even in the subgroup of 307 patients with histologically invasive ductal carcinoma (IDC) who underwent primary surgery (Table [3](#T3){ref-type="table"}), there were also significant correlations between clinical tumor stiffness and invasive tumor size (*P* = 0.0096 in nonparametric Wilcoxon test) or axillary lymph node metastasis (*P* = 0.0185 in Chi-squared test).
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Correlations Between Strain Ratio as a Continuous Variable and Clinicopathological Factors in Breast Cancer
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###### 

Restriction Analysis in Patients With Histologically Invasive Ductal Carcinoma Who Received Primary Surgery
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Collectively, by strain elastography, relatively hard breast cancer was strongly correlated with worse clinical features, such as axillary lymph node involvement, large invasive tumor size, and obesity.

Multivariate Analysis for Factors Influencing Clinical Tumor Stiffness in Patients With Breast Cancer
-----------------------------------------------------------------------------------------------------

Among representative characteristics of clinical breast cancer, axillary lymph node metastasis was an independent factor \[odds ratio (OR) 1.95, 95% confidence interval (CI) 1.31--2.93, *P* = 0.0010\], but not ER, PgR, HER2, or Ki67 index (Table [4](#T4){ref-type="table"}). In the subgroup of patients with histologically IDC who underwent primary surgery, independent factors influencing tumor stiffness were lymph node metastasis (OR: 1.80, 95% CI: 1.02--3.24, *P* = 0.0426) and tumor size (OR: 1.81, 95% CI: 1.10--2.99, *P* = 0.0184; Supplemental Table 1).

###### 

Multivariate Analysis of Factors Influencing Clinical Tumor Stiffness in Breast Cancer (n = 503)
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In contrast, multivariate analysis of factors influencing axillary lymph node involvement indicated clinical tumor stiffness (OR: 2.07, 95% CI: 1.37--3.15, *P* = 0.0005), tumor size (OR: 3.51, 95% CI: 2.30--5.42, *P* ≤ 0.0001), and Ki67 labeling index (OR: 2.17, 95% CI: 1.43--3.30, *P* = 0.0003) as independent predictors (Supplemental Table 2). However, when we performed similar multivariate analysis of factors influencing tumor size, tumor stiffness was not significant (OR: 1.30, 95% CI: 0.88--1.90, *P* = 0.1845).

Focusing on nodal staging, there were significant differences in percentages of pathological lymph node stage (pN) according to clinical tumor stiffness (pN0: 150/503, 29.8%; pN1: 75/503, 14.9%; pN2: 19/503, 3.8%; and pN3: 8/503, 1.6% in hard tumors vs pN0: 190/503, 37.8%; pN1: 45/503, 9.0%; pN2: 10/503, 2.0%; and pN3: 6/503, 1.2% in soft tumors; *P* = 0.0016; Supplemental Figure 2A). In addition, Strain Ratio as a continuous variable was also significant with respect to each pN stage (median value of 7.0 in pN0, 13.18 in pN1, 13.89 in pN2, and 16.43 in pN3; *P* = 0.0015; Supplemental Figure 2B).

Correlations Between Clinical Tumor Stiffness and Stroma-Related Genes' Expressions
-----------------------------------------------------------------------------------

We examined the correlations between clinical tumor stiffness and stroma-related gene expressions, including *LOX*, *HIF1A*, *SPP1*, or *Osteopontin* and *CYLD*, that were extracted from macro tumor tissues of 164 patients with breast cancer. When we divided these patients into 2 groups based on a cutoff median Strain Ratio of 8.23 (IQR 4.00--34.62) in this subgroup, no significant difference in baseline characteristics was observed except for BMI (Supplemental Table 3).

Compared with soft tumors, hard tumors had higher mRNA expression of *LOX* (median 295.7, IQR 152.6--734.2 vs median 173.8, IQR 76.3--453.9; *P* = 0.0072 in nonparametric Wilcoxon test, FDR-adjusted *P* = 0.0279; Figure [1](#F1){ref-type="fig"}A), and a tendency for higher expression of *HIF1A* (median 6.94, IQR 4.67--10.88 vs median 5.97, IQR 3.75--9.16; *P* = 0.0839 in nonparametric Wilcoxon test, FDR-adjusted *P* = 0.2444; Figure [1](#F1){ref-type="fig"}B). There was no obvious correlation between tumor stiffness and *SPP1* mRNA expression (median 83.0, IQR 48.0--173.0 in hard tumors vs median 88.0, IQR 33.0--197.0 in soft tumors, *P* = 0.7124 in nonparametric Wilcoxon test, FDR-adjusted *P* = 0.4681; Figure [1](#F1){ref-type="fig"}C) or *CYLD* mRNA expression (median 1.27, IQR 0.74--2.38 in hard tumors vs median 1.42, IQR 0.73--2.12 in soft tumors, *P* = 0.7310 in nonparametric Wilcoxon test, FDR-adjusted *P* = 0.5482; Figure [1](#F1){ref-type="fig"}D). Multivariate logistic regression model of factors influencing clinical tumor stiffness in the GEA group indicated *LOX* mRNA expression (OR: 3.48, 95% CI: 1.74--7.24, *P* = 0.0004), and body mass index (OR: 2.29, 95% CI: 1.09--4.99, *P* = 0.0290) as independent factors (Supplemental Table 4).

![mRNA expressions of stroma-related genes according to clinical tumor stiffness in patients with breast cancer. (A) Relative expression of *LOX* was significantly high in hard tumors (median 295.7, IQR 152.6--734.2) compared with that in soft tumors (median 173.8, IQR 76.3--453.9); ^∗^*P* = 0.0072. (B) Relative expression of *HIF1A* tended to be high in hard tumors (median 6.94, IQR 4.67--10.88) compared with that in soft tumors (median 5.97, IQR 3.75--9.16); *P* = 0.0839. (C) There was no significant difference in *SPP1*-relative expression between hard (median 83.0, IQR 48.0--173.0) and soft tumors (median 88.0, IQR 33.0--197.0); *P* = 0.7124. (D) There was no significant difference in *CYLD*-relative expression between hard (median 1.27, IQR 0.74--2.38) and soft tumors (median 1.42, IQR 0.73--2.12); *P* = 0.7310. *P* values were evaluated using nonparametric Wilcoxon test. CYLD = cylindromatosis, HIF1A = hypoxia-inducible factor 1-alpha, IQR = interquartile range, LOX = lysyl oxidase, SPP1 = secreted phosphoprotein 1.](medi-94-e2290-g005){#F1}

DISCUSSION
==========

Tissue stiffness is a significant malignant property of various tumors, including breast cancer, which can force tumor development in tumor cell-autonomous and noncell-autonomous manners. Basic research has revealed these molecular mechanisms, and in addition, an epidemiological study has suggested a causational link between relative risk of breast cancer and dense breast on mammography. However, there has been little evidence on clinical tumor stiffness and tumor progression in clinical or translational research.

The most important finding from this study was that tumor stiffness by elastographic evaluation may have clinical significance for certain patients with breast cancer. Clinical tumor stiffness of a primary breast cancer significantly correlated with axillary lymph node involvement; in contrast, it did not correlate with current potent biomarkers, such as ER, PgR, and HER2 status. Although there is little causal evidence from this study, our current data may support basic research findings that local tissue stiffness of a tumor enhanced tumor cell metastasis.^[@R25]^

Similar to the present study, Evans et al^[@R26]^ recently reported that tumor stiffness based on shear-wave elastography was an independent predictor of lymph node metastasis in 396 breast cancer patients. In contrast, Youk et al^[@R27]^ reported that the independent factors that influenced breast cancer stiffness by shear-wave elastography in 152 patients were lymphovascular invasion in the primary tumor, palpable abnormality, and histological grade but not axillary lymph node metastasis, ER, PgR, and Ki67 status. Although different from our study in terms of stiffness measurement^[@R15]^ or analytical direction on multivariate analysis, there was a similar finding that tumor stiffness by evaluation of ultrasound elastography may closely correlate with lymphatic metastasis in clinical breast cancer. In addition, our previous investigation showed a potential link between clinical tumor stiffness by strain elastography and efficacy of neoadjuvant chemotherapy in 55 patients with breast cancer.^[@R18]^ Beyond the significance on differential diagnosis, further researches focusing on clinical tumor stiffness should be conducted.

The limitation of this study was the reproducibility of stiffness evaluation by ultrasound elastography, which continues to be an important task as with any imaging system.^[@R15]^ In the present study, we used Strain Ratio both as categorical variable, using median value as cutoff, and as continuous variable to reduce the influence of measuring error. In the future, it may be possible to define a more appropriate and practical cutoff by further standardization of ultrasound elastography system.

In terms of biological mechanism, the stiffness of tumor tissue is regulated by several key factors, such as tumor cells, stromal cell, stroma, and hydrostatic pressure.^[@R28]^ At least in breast cancer, stromal property, particularly ECM, seems to be more important element in the tumor hardness.^[@R29]^ Consecutive researches by Weaver et al have revealed that the structure, orientation, and quantity of ECM collagens play a key role in regulating tumor stiffening and tumor development via integrin, focal adhesion kinase, phosphatase and tensin homolog, and PI3K on mammary epithelial cells.^[@R25],[@R30]--[@R32]^ LOX derived from both tumor cells and stromal cells plays critical roles in tissue stiffening and promotes breast cancer metastasis by working as an extracellular copper enzyme.^[@R25],[@R31],[@R33]^

We therefore examined the stroma-related gene expressions on available frozen macro tissues as well as the correlations between clinical tumor stiffness and clinicopathological factors. In particular, we focused on the gene expressions of collagen cross-linking enzyme LOX, hypoxia factor HIF1α correlated tissue stiffening and stimulating LOX expression, fibrosis and chemotherapy resistance factor SPP1, and novel NF-κB regulator CYLD. There was a strong correlation between tumor stiffness by ultrasound elastography and *LOX* mRNA expression. Since basic research has revealed that close-interaction between LOX and hypoxia can induce tumor-associated stiffness and premetastatic niche,^[@R31],[@R34]^ our translational research may support the biological mechanism among LOX expression, tumor-associated tissue stiffness, and tumor cell metastasis. Tumor stiffness did not correlate with other fibrosis-related gene expressions, such as *SPP1*^[@R35]^ and *CYLD*.^[@R36]^ Since little is known about correlation of gene expressions with tumor stiffness by elastography, further investigation is required to estimate the clinical utility of this evaluation system.

Moreover, there was also a correlation between tumor stiffness and obesity in this analysis. It remains unclear whether the method of measurement or biological mechanism affected this correlation because FLR assay is a semi-quantitative method as previously described.^[@R20],[@R37]^ Recent research showed that the progression of obesity-related breast cancer was closely associated with chronic inflammation, which often induced tissue hardening.^[@R38]^ Further research is required to clarify these unresolved questions.

CONCLUSIONS
===========

New evidence will hopefully emerge from this study on tumor progressions and tumor-associated stiffness in its microenvironment. In the future, clinical evaluation of stiffness by ultrasound elastography may become a useful imaging biomarker because stiffness has a potential to be regarded as a clinical phenotype of various tumor interactions. In clinical breast cancer, the status of axillary lymph node metastasis remains to be a strong prognostic or treatment decision-making factor; however, the choice of treatment among sentinel node biopsy, local radiotherapy, and omission of dissection surgery is currently a controversial subject.^[@R21]^ As further validation of the close relationship between breast cancer and lymph node metastasis progresses, evaluation of clinical tumor stiffness may help patients receive appropriate treatments.
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======================

###### Supplemental Digital Content

We are grateful to M. Komi and K. Shimizu for their excellent technical support, to M. Suematsu and M. Tanabe for their great management of clinical data and to the other members of Breast and Endocrine Surgery at Graduate School of Medical Sciences, Kumamoto University for their kind supports.

Abbreviations: BMI = body mass index, CYLD = cylindromatosis, ECM = extracellular matrix, ER = estrogen receptor, FLR = fat resin ratio, GEA = gene expression analysis, HER2 = human epidermal growth factor receptor type 2, HIF1A = hypoxia inducible factor 1 alpha, IDC = invasive ductal carcinoma, IQR = interquartile range, LOX = lysyl oxidase, PgR = progesterone receptor, PI3K = phosphoinositide 3 kinase, SPP1 = secreted phosphoprotein 1.

This work was supported by JSPS KAKENHI Grant Number 15K21239.

The authors have no conflicts of interest to disclose.
